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ABSTRACT We studied the energy landscape
of the peptide Ace-GEWTYDDATKTFTVTE-Nme,
taken from the C-terminal fragment (41–56) of pro-
tein G, in explicit aqueous solution by a highly
parallel replica-exchange approach that combines
molecular dynamics trajectories with a tempera-
ture exchange Monte Carlo process. The combined
trajectories in T and configurational space allow a
replica to overcome a free energy barrier present at
one temperature by increasing T, changing configu-
rations, and cooling in a self-regulated manner, thus
allowing sampling of broad regions of configura-
tional space in short (nanoseconds) time scales. The
free energy landscape of this system over a wide
range of temperatures shows that the system prefer-
entially adopts a beta hairpin structure. However,
the peptide also samples other stable ensembles
where the peptide adopts helices and helix-turn-
helix states, among others. The helical states be-
come increasingly stable at low temperatures, but
are slightly less stable than the beta turn ensemble.
The energy landscape is rugged at low T, where
substates are separated by large energy barriers.
These barriers disappear at higher T (;330 K),
where the system preferentially adopts a “molten
globule” state with structures similar to the beta
hairpin. Proteins 2001;42:345–354.
Published 2000 Wiley-Liss, Inc.†
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INTRODUCTION

The process by which proteins attain their functional
structure has been the subject of numerous experimental
and theoretical studies over the last few decades. Proteins,
the molecular machines that perform most of the biologi-
cally relevant functions in living organisms, attain a
unique tertiary structure in short time scales. The fastest
folding time is microseconds (ms).1 However, not all pro-
teins spontaneously adopt their folded structure, because
many proteins adopt a functional structure upon binding
to target proteins or nucleic acids.2 Disfunctional states of
proteins that fold into the incorrect structures are believed
to be the cause of degenerative diseases.3–5 Recent theoreti-
cal advances and modern experimental techniques that
probe proteins at different stages during the folding pro-
cess have shed light on the nature of the physical mecha-

nism and relevant interactions that determine the kinetics
of folding, binding, function, and thermodynamic stability.
Much of this theoretical understanding has been tested in
minimalist lattice and off-lattice models of proteins.6–8 All
atom simulation of protein unfolding using realistic mod-
els, although limited by insufficient configurational space
sampling, has also revealed much about the complexity of
the protein folding.9–11 Short peptides have been shown to
mimic many of the properties of proteins and provide
computationally simpler systems to test theoretical mod-
els of folding in atomic detail.10,12–17

The simulation of biological macromolecular systems by
molecular dynamics (MD) and Monte Carlo (MC) tech-
niques is limited by multiple time scale relaxation pro-
cesses that lead to insufficient sampling of the important
configurational space. At room temperature, biomolecular
systems get trapped in many local minima. This trapping
limits the capacity to effectively sample configurational
space. One way to overcome this limitation has been to
perform simulations using non-Boltzmann sampling tech-
niques.18 These algorithms have been applied to proteins
in vacuo or in implicit solvent models.15,19,20 Other algo-
rithms include replica exchange methods21,22 and have
been used to study polymers, spin glass systems, and
peptides. The relationship between spin glass systems and
proteins has been used to derive the energy landscape
theory of protein folding.23–26 MC implementations of the
replica method have been shown to produce ergodic sam-
pling of states, thus avoiding kinetic traps. Sugita and
Okamoto22 developed a formulation for a combined MD/MC
implementation of the replica exchange method. Here we
apply this method to study the equilibrium thermodynam-
ics of a blocked 16 amino acid fragment of GB1 protein that
forms a stable hairpin. The kinetics and stability of this
peptide have been studied extensively by time-resolved
spectroscopy16 and theoretical studies.10,15,27,28 By analyz-
ing the free energy landscape of this system over a wide
range of temperatures, we have found that the system
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preferentially adopts a b hairpin structure at low tempera-
tures. We also identify other stable ensembles in which the
peptide adopts helices, helix-turn-helix states, among other
structures. The helical states become increasingly stable
at low temperatures. The ensembles containing helical
structures are slightly less stable than the b turn en-
semble. These states are separated by large energy barri-
ers at low temperature. These barriers disappear at higher
T (;330 K).

METHODS AND SYSTEM DESCRIPTION
Description of the Replica MD/MC Method

The replica exchange method has been implemented
with a number of M replicas distributed over a number of
M processors, where each replica system is a peptide, with
explicit solvent. Each system is simulated at different T
distributed over a broad range (270–525 K). Replicas are
sorted according to T and couple to each other via a
temperature exchange MC procedure. At fixed time inter-
vals, neighboring systems, i and j, with temperatures Ti

and Tj, respectively, can exchange configurations, such
that system i changes to temperature Tj, and system j to
temperature Ti. The probability that this exchange occurs
satisfies detailed balance, W(X)w(X, X9) 5 W(X9)w(X9, X),
where W(X) is the weighting factor for the state X, and
w(X, X9) is the transition probability of exchanging system
X to system X9. W(X) is given by the product of the
Boltzmann factors for each of the M replicas W(X) 5
exp[2¥i

M biE(xW i, pW i], with E 5 Ekin 1 U. This gives
w(X, X9)/w(X9, X) 5 exp(2D), where D 5 (bi 2 bj) (Ui 2
Uj) and Ui is the potential energy of system i, before the
exchange. Notice that (bi 2 bj) 5 1/kBTeff, where Teff 5
TiTj/ uTi 2 Tj u , is on the order of 15,000 K for Ti 5 300 K,
and Ti 2 Tj , 6 K, and therefore we can have replica
exchanges for systems with differences in energy of ;50
kBTi. These transition probabilities are implemented us-
ing the Metropolis criterion. Only replicas having neighbor-
ing temperatures can exchange. The direction of exchange
of neighboring replicas is chosen at random.

The Hairpin From Protein GB1

The blocked peptide with Ace-G41 EWTYDDATKT-
FTVTE56-Nme, taken from the C-terminal fragment (41–
56) of protein GB1 forms a b hairpin in solution.29 Thermo-
dynamics, structural, and time-resolved studies have
shown that this peptide captures much of the basic physics
of protein folding, including stabilization by hydrogen
bonding and hydrophobic interactions, and a funnel-like,
partially rugged energy landscape.16 The folding time for
this hairpin is 6 ms, which is about a factor of 100–1000
longer than we can routinely sample in a single MD
simulation. The longest MD simulation had reached 1
ms.30 The system of 16 amino acid residues contains 260
atoms in the peptide and 1,423 water molecules, for a total
of 4,529 atoms per replica. We use the force field of Cornell
et al.31 Simulations were done at constant (N, T, V), with a
density of ;1.0 g/cm3. The temperature coupling was set to
0.1 ps.32 Electrostatic interactions were cut off at 9.0 Å,
with interaction pairs evaluated every 10 integration steps

of 0.002 ps. We simulated this system with 32 replicas,
with T ranging from 270–525 K at steps ranging from
6–10 K, for 3.5 ns after a 60 ps equilibration period.
Simulations were started from an energy minimized struc-
ture obtained by nuclear magnetic resonance (NMR)
(1GB1).33 We first performed 200-ps simulations at 300 K
at constant pressure (1 atm). The final configuration of this
system was then subjected to 60 ps of simulation at
constant T in the temperature range indicated above. The
initial configurations for the 32 replicas were taken from
the final configurations of these runs. Average energies
and energy fluctuations over this T range were calculated
from these runs to estimate the optimal differences in
temperature between neighboring replicas needed to ob-
tain a replica-exchange acceptance ratio of ;20%. T-
exchanges were attempted every 0.25 ps. Protein configu-
rations were saved at a rate of 4/ps, for a total of 0.45
million configurations. The total integration time of all
replicas is 112 ns.

Principal Components (PC) Analysis

To study the system fluctuations, we use a set of
directions, mW , in the 3N-dimensional space of the protein,
that best represent (in a least-square sense) the ensemble
of protein structures observed in the simulations. The
construction of these coordinates has been described previ-
ously.34,35 PC coordinates, m, are obtained by solving an
eigenvalue equation, s z mW 5 lmW , where the matrix sa,b

is positive semi-definite, and defined by sa,b 5
1
S

Si 5 1
S (ri 2

y0)a(ri 2 y0)b. Here, y0 5
1
S

SS rWi is the average configura-
tion, S is the number of configurations, rWi, and a and b refer
to Cartesian components of the 3N protein atomic coordi-
nates. PC are systematically ranked in the order of decreas-
ing eigenvalues. The mean square fluctuations are given
by (1/N)Tr(s) 5 (1/N) ¥ili. A generalization of this method
to represent two-dimensional and three-dimensional pro-
jections of the configurational space, as planes and vol-
umes that better represent the fluctuations of the system,
has been presented previously.35 These coordinates are
specific to the molecule and trajectory sampled during an
MD simulation, and can be seen as PC axes of the protein
configurational space along a given trajectory. The PC are
calculated by including the fluctuations of all replicas at
all temperatures together. This set of PC is used to
describe energy surfaces at each temperature. Only fluctua-
tions of the peptide’s nonhydrogen atoms (136 atoms) were
included in the PC analysis. The PMF is calculated from
the population densities at each temperature, bW(X1,
X2) 5 2 log P(X1, X2), where P(X) is the normalized
probability as a function of X, and X is any set of
parameters describing the peptide conformations.

RESULTS

We describe free energy surfaces as a function of various
structural reaction coordinates, including the number of
native hydrogen bonds in the b hairpin (NHB

b ), the radius of
gyration of the hydrophobic cluster containing Phe, Tyr,
and Trp (Rghp),10 the radius of gyration of all the peptide
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nonhydrogen atoms (Rg), the Ca atoms root-mean-square
distance (rmsd) from the most stable ensemble of struc-
tures, and PC, as described above. We first obtain free
energy surfaces as a function of the PC of the system by
collecting histograms of the average occupation of the PC
space as a function of temperature. Figure 1 shows the
PMF as a function of two PCs (PC1 and PC2), at 270 K. At
low temperatures (T , 330 K) the PMF is rugged with
well-defined local energy minima and high barriers sepa-
rating these minima. Characteristic structures of the
various local energy minima observed are also shown in
Figure 1. In this plot, we emphasize helical structures, the
formation and disruption of the hydrophobic core, and the
overall fold of the chain.

Figure 2 shows the PMF at various temperatures. At
high temperatures, the energy landscape is less rugged,
and multiple paths connect one local energy minimum
basin to another. At very high temperatures, only one
basin, covering a wide region of the PC space near the b
hairpin ensemble, is populated. This state is similar to the

“molten globule” H state described by Pande and Rokh-
sar.10

We define the folded structure ensemble as the most
probable ensemble at low T. A typical folded structure is
shown in Figure 1A. This structure maintains on average
four native hydrogen bonds. In addition, an i, i 1 3
backbone hydrogen bond is formed between D46 and T49.
Side-chain hydrogen bonds are formed between T49 OG
and D46 OD, T49 OG and T51 OG, and T44 OG and T55
OG. A hydrophobic core composed of W43, Y45, F52, and
V54, with multiple nonpolar atom pairs (d , 5 Å) between
W-V, W-F, and F-Y is also formed. The Ca rmsd of this
structure from the NMR structure is 3.0 Å, and 1.5 Å for
amino acids 47–54. This rmsd deviation from the peptide
in protein GB1 has also been noticed by Roccatano et al.28

Other stable secondary structural ensembles identified
contain a helices (Fig. 1E), helix-turn-helix motifs (Fig.
1F), and other structures containing multiple, short seg-
ments of helices (Fig. 1D). These ensembles may serve as
free energy traps in the folding process at low tempera-

Fig. 1. Free energy surface maps as a function of the two PCs of the system at temperature T 5 270 K. We identify various local minima: (A) at (PC1,
PC2) ; (25 Å, 10 Å), corresponding to the b hairpin “folded” ensemble, (B) (0,10), a b hairpin with a partially disordered hydrophobic cluster, (C) (220 Å,
0 Å) an end-twisted disordered turn, (D) (250 Å, 20 Å) structures containing various short helical regions, (E) (260 Å, 20 Å), helical and other extended
structures ensemble, and (F) (220 Å, 220 Å), a helix-turn-helix motif ensemble. The first PC coordinate, PC1, distinguishes well between various local
energy minima observed, with the exception of structures C and F. The region labeled PDB refers to the peptide structure in protein G. Helical structures
are defined using the program Stride42 as implemented in VMD.43 The side chains of W43, Y45, F52, and V54 are shown in space filing mode.
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ture. The presence of other secondary structural motifs is
significant because it shows that differences in free energy
among structures are small. The secondary structure can
change upon changing of the local environment because of
solvent conditions, binding to proteins, or by changing the
context of the peptide within a larger protein.2,36,37

Previous calculations on this peptide have not observed
the alternative helical structures we observe. This sug-
gests that the enhanced sampling at low temperatures
accomplished by the replica-exchange method enable us to
find these states. Other possible reasons are the use of
different force fields, explicit versus implicit15 solvent
models, and the simulation of different thermodynamic
states, because Pande and Rokhsar10 used a low solvent
density (r 5 0.87 g/cm3) and high T, versus r ; 1.0 g/cm3 in
our simulations.

In the replica-exchange method, interbasin jumps are
correlated with large displacements in the temperature
coordinate of the replica. This is illustrated in Figure 3,
showing the trajectory followed by one of the replicas
during the simulation (replica 2) projected on the two PCs
of the system. This replica spans the whole T range

(270–525 K) during the 3.5-ns simulation, and reversibly
samples the basins containing the “folded” b-hairpin state,
and the “molten globule” state. At long times, it samples
states containing a “helical” state. Transitions between
basins occurs fast, with long (0.5 ns) waiting periods
between transitions. The combined trajectories in T and
configurational space allow a replica to overcome a free
energy barrier present at one temperature (e.g., PC1 5 30
Å at T 5 270 K) by increasing T, moving along the PC at
higher T when there is no free energy barrier, and then
lowering T after it reaches other local minima (e.g., PC1 5
220 Å). The variations in temperature in the replica-
exchange algorithm resembles the simulated annealing
method.38 However, instead of following a predetermined
heating and cooling schedule, this process is self-regulated by
the replica simulated tempering method used in our calcula-
tions. The replica exchange method ensures a Boltzmann
sampling at each temperature. The free energy surface, as a
function of PC1 and T, explored by the replicas in the
hybrid MD/MC approach is shown in Figure 4.

Figure 5A shows free energy profiles as a function of the
first principal component (PC1). Five dominating free

Fig. 2. Free energy surface maps as a function of the two PCs the system at temperatures T 5 282, 300,
352, and 449 K.

348 A.E. GARCÍA AND K.Y. SANBONMATSU



energy minima can be observed at T 5 270 K. These
energy profiles show features characteristic of a rugged
energy landscape at low T (T , 330 K), and a downhill
collapse into a compact, “molten globule” state with struc-
tures close to the b-hairpin structure at higher T. This
PMF is similar to the profile obtained by Nymeyer et al.39

for a minimalist model of a frustrated b sheet protein that
showed a glass transition at T , Tfolding. For proteins in
aqueous solution, the glass transition is strongly coupled
to the solvent viscosity.24 At higher T, the large barrier
separating the b turn from the other ensembles is drasti-
cally reduced. The drastic change in this barrier height
with T and the complete disappearance within 30 K
suggest a cooperative change in the system. Given that the
peptide conformations are easily accessed at higher T, we
believe that this barrier may be caused by water interac-
tions with the b hairpin (e.g., water-mediated hydrogen
bonding). This barrier has not been observed with implicit
solvent models. Figure 5B shows the percentage of the
population on each of the five local minima as a function of
T. Ensembles containing helices (basin I) and the helix-
turn-helix motif (basin III) are 15–20% populated at 282 K,
whereas the basing containing the “folded” b hairpin
(basin V) is 30% populated. At 300 K, the population of the

b hairpin increases to 40%, whereas the helix is reduced to
5%. The identification and characterization of minor sec-
ondary structure populations, as those shown here, by
spectroscopy may be difficult.

Applying the diffusive theory of folding23,40 on the
energy profiles shown in Figure 5A, we can get an order of
magnitude estimate of the mean folding time from tf 5 *xu

xf

dx *0
xdx9exp[bF(x) 2 bF(x9)]/D(x), where x 5 PC1 is

chosen as a reaction coordinate, F(x) is the free energy as a
function of the reaction coordinate, and D(x) is the diffu-
sion coefficient in configurational space. Following the
applications of this theory by Socci et al.,40 within the
quasi-harmonic approximation for the free energy well
around the folded state, the diffusion coefficient can be
approximated by DPC1

5 d(PC1)2/tcorr, where d(PC1)2 is the
variance of the reaction coordinate about the folded state,
and tcorr is the reaction coordinate autocorrelation time.40

^d(PC1)2& and tcorr are calculated from a simulation at
constant (N, T, V), for 15 ns at T 5 300 K. We obtained
tcorr , 1.5 ns (6 0.5 ns), and ^d(PC1)2& ; 28 Å2 6 1,
resulting in DPC1

; 19 Å2/ns (corresponding to a configura-
tional MSD of 0.14 Å2/ns). We obtained tf from F(PC1) at
T 5 300 K, and from averaging F(PC1) over three
temperatures (T 5 294, 300, and 307 K). The resulting

Fig. 3. Characterization of the trajectory followed by one of the replicas during the simulation (replica 2). A: Projection of the system trajectory on the
PC-space. The green background illustrates the region of space sampled by all replicas. B: Projection of replica trajectory on the first PC, and C: on the
second PC that spans the space shown on (A). D: The trajectory of the replica in temperature space.
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Fig. 4. Illustration of the free energy surface sampled by the hybrid MD/MC replica system as a function of the PC (PC1) and temperature (T). At a
constant low T the energy landscape is rugged, with high energy barriers separating local minima. However, the combined T and conformations space
sampling of the replica exchange method allows the peptide to overcome kinetic traps by moving around energy barriers.

Fig. 5. A: Free energy profiles as a function of the PC, PC1. Free energy profiles are calculated at T 5 270, 282, 307, 336, 377, and 422 K. Curves are
shifted up from each other by 3kBT. B: Percentage of the population of basins at: I) PC1 . 256 Å, II) 256 Å , PC1 # 232 Å, III) 232 Å , PC1 # 212 Å,
IV) 212 Å , PC1 # 12 Å, V) , PC1 # 40 Å. The basins I–V are identified from the minima and barriers in the free energy profiles shown in A) for T 5
270 K.
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folding times at 300 K are 1–7 ms (the lower bound is
obtained when averaging F(PC1) over three T). This tf is
100–1,000 times longer than our simulation time (3.5
ns/replica). Muñoz et al.16 estimated the folding time to be
6 ms, which falls within our estimates. However, our
calculations of tf only provide an order of magnitude
estimate because we have not determined the adequacy of
the quasi-harmonic approximation or of the PC1 as a
reaction coordinate.

Figure 6 shows the probability of formation of each of the
seven native b-hairpin hydrogen bonds, and their overall
formation probability average, as a function of tempera-
ture in the range 270 # T # 525 K. We find that
hydrogen bonds 3–6, flanking the hydrophobic cluster
(W43, Y45, F52, and V54) are the most probable, with
overall probabilities above average for native hydrogen
bonds. The lowest probabilities are observed for hydrogen
bonds 1 and 2, at the far end from the turn, and hydrogen
bond 6 and 7 near the turn, in agreement with previous
calculations.28 The hydrogen bond nearest to the turn
(HB 5 7) shows a probability of formation that decreases
with temperature for T , 350 K, and remains constant at
higher temperatures. The decrease at lower temperatures
may be attributed to participation of this hydrogen bond in
i, i 1 3 hydrogen bonds in helical structure ensembles
that are significantly populated at the lowest tempera-
tures. This analysis of the hydrogen bond probabilities
suggests that the central hydrogen bonds are stabilized
and might be driven to form by the presence of the

hydrophobic core. Our results agree with those obtained by
Dinner et al.15 in that the central hydrogen bonds (4–5)
are the most stable, but contrast in that they are observed
with above average probabilities for hydrogen bonds 1–5,
and below average for 6 and 7 (for T , 360 K). The
average hydrogen bond probability at 282 K is 40%, in
agreement with NMR estimates29 and previous simula-
tions using an implicit solvent model.15 Muñoz et al.16 and
Klimov and Thirumalai27 have built models in which the
hydrogen bond near the turn are the most stable. Also,
their models describe a zippering of hydrogen bonds
starting from the turn side and advancing toward the
opposite end. Analysis of the replica trajectories do not
show evidence of this in our model.

To compare our simulation results with those previously
reported for this hairpin, we now calculate the free energy
surfaces as a function of a pair of order parameters, the
hydrophobic cluster radius of gyration (Rghp) and the
number of native hydrogen bonds (NHB

b ), W(Rghp, NHB
b ).10

Figure 7 shows contour plots of bW(Rghp, NHB
b ) at various

temperatures. At 282 K, we observe three minima in the
energy surface, corresponding to the folded state (Rghp ,
6 Å, NHB

b , 4 2 6), a compact state (Rghp , 5 Å, NHB
b ,

1 2 2), and an extended state (Rghp , 6 2 9 Å, NHB
b ,

9), in agreement with the observations of Pande and
Rokhsar.10 At T , 330 K, only one minimum containing
compact structure with Rghp , 5 2 6 Å and 2–6 native
hydrogen bonds is observed, in addition to the extended
structures. At high temperatures, only one minimum is
observed.

To simplify the comparison of these energy surfaces with
our results using PC as an order parameter, we calculate
free energy surfaces at 282 K as a function of PC1 paired
with NHB

b , Ca rmsd, Rg, and Rghp, shown in Figure 8. By
combining these four plots, we can now identify various
minima in the free energy with the structures shown in
Figure 1. First notice the linear correlation between the Ca
rmsd and PC1 for rmsd . 2.5 Å. Second, notice the clear
separation of configurational space provided by bW(PC1,
NHB

b ). We can clearly identify five local minima described
next. 1. The minimum at PC1 5 20 Å corresponds to the
folded structure ensemble containing structures that are
within 2.5 Å from the folded reference state, Rg , 7 Å,
and Rghp , 7 Å, with 4–6 native hydrogen bonds (shown
in Fig. 1A). 2. The minimum at PC1 5 0 Å with an rmsd of
2–3 Å, larger overall Rg than the “folded” state, but with a
more compact hydrophobic cluster and 2–4 native hydro-
gen bonds (shown in Fig. 1B). This minimum coalesces
with the minimum at PC1 5 20 Å and together form the
dominating ensemble at high T, which correspond to a
“molten globule” state (state H in Ref. 10). The minima at
PC1 5 30 Å can be separated into two minima: 3. contain-
ing structures with four native hydrogen bonds and a Rghp

similar to the folded state (shown in Fig. 1C), and 4. a
minimum containing structures with 0–1 native hydrogen
bonds, a compact Rg of all heavy atoms (shown in Fig. 1F).
5. The minima containing ensemble of structures with
rmsd . 6 Å, no hydrophobic core, a large Rg and 0–1
native hydrogen bonds. This ensemble contains helical

Fig. 6. Probability of forming individual native hydrogen bonds as a
function of T. The thick solid line shows the average probability over all
native hydrogen bonds, shown in the top of the figure. At T 5 282 K, we
obtain an average native hydrogen bond formation probability of 40%.
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structures (shown in Fig. 1D) that contribute significantly
to this ensemble population at low T. The ensemble of
structures with a large hydrophobic cluster Rghp and 0–1
hydrogen bonds present at low T, shown in Figure 7,
corresponds to helical structures.

CONCLUSIONS

We have studied the free energy of a peptide that
predominantly forms a b hairpin at low T by using a
replica exchange method. This method allows for the
efficient sampling of configurational space in a time scale
that is of the order of 100–1,000 times faster than sam-
pling at constant T. This method can be easily imple-
mented in parallel computers, giving a 95% parallel effi-
ciency. Our results are in agreement with other all-atom
MD simulations of protein unfolding,10 but, in addition,
our system samples a much broader region of configura-
tional space. The replica exchange method leads to ther-
mal equilibrium of the set of replicas, where T-jumping

and mixing of replicas give proper weighting of configura-
tions. Interbasin jumps are correlated with large displace-
ments in the temperature coordinate, thus enhancing the
probability of overcoming energy barriers. Different repli-
cas evolve in heating and cooling cycles that lead to “low T”
secondary structure motifs, far from the b hairpin that is
the dominating structure at low T. Various ensembles
with different characteristic secondary structures coexist
in thermal equilibrium. Previous calculations on this
peptide have not produced the low energy helical struc-
tures that we observed.10,15,28 Schaefer et al.14 have found
significant a helical populations in another sequence that
preferentially forms a b hairpin. It has been argued that
the Cornell et al. force field enhances the stability of a
helices.41 However, the calculations used to draw such
conclusions were done in the absence of water and cannot
be considered to be conclusive. In our calculations, the
equilibrium population of the b hairpin at low T agrees
with experimental data available29 and with previous

Fig. 7. PMF energy surfaces as a function of the hydrophobic cluster radius of gyration, Rghp, and the number of hydrogen bonds in common with the
b hairpin at various temperatures. In agreement with the F, H, and U states described by Pande and Rokhsar,10 we observe three minima, one with Rg ;
6 Å and with 4–6 native hydrogen bonds (state F), one with a smaller Rg but only 2–4 native hydrogen bonds (state H), and another with Rg ; 8–9 Å and
0–1 hydrogen bonds (state U).
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calculations.15,28 Therefore, we conclude that the poten-
tial energy functions used in this study seem appropri-
ate to describe the equilibrium properties of this hair-
pin. The efficiency of sampling configurational space and
the highly parallel nature of the replica-exchange method
makes possible the study of larger proteins in explicit
solvent.

This peptide shows a rugged free energy landscape
landscape at low T. This energy landscape shows multiple
local energy minima, separated by large energy barriers,
similar to the energy landscape of a model protein that
exhibited a glass transition at T , Tfolding.39 At higher T,
the energy landscape is smooth. Our results suggest that,
at T , 300 K, folding occurs by forming a hydrophobic
cluster. Many structures with various degrees of native-
ness form the hydrophobic cluster, but not the native
hydrogen bonds. At lower T, the number of native hydro-
gen bonds increases, but other secondary structural ele-
ments are also present. We see that by lowering T, we get a
lower propensity of forming the “folded” b hairpin struc-
ture, as indicated by the native hydrogen bond probabili-

ties as a function of T. The coexistence of multiple local
minima with different secondary structures shows that
solvent environment and the “context” of peptides within
proteins may change secondary structure. This has been
seen in Arc repressor,36 proteins that fold upon binding,2

and the conversion of a helical protein to b sheet protein by
Dalal et al.37
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